Thermodynamic analysis of simultaneous and sequential adsorption of crystal violet (CV) and 2-naphthol adsorption on montmorillonite has been conducted, and the changes of microstructure of the clay after adsorption were investigated using X-ray diffraction (XRD).
INTRODUCTION
Dye bearing wastewater is one of the main sources of water pollution and has attracted great attentions from the researchers working on the treatment of wastewater resulting from dyeing, leather tanning, and pigment production industries. The compositions of dye wastewater are extremely complicated, due to the large number of dyes and other chemicals used in the dyeing processes. The organic chemicals and their degraded products are always carcinogenic and toxic to humans and removal of these organic pollutants from wastewater has been a critical task for environmental sciences and engineering (Eren & Afsin 2007; Hameed et al. 2008; Unuabonah et al. 2008; Eren 2009 ). Various physicochemical and biological methods have been applied to remove organic dyes from wastewater. Dyes are not easily broken down by conventional methods such as biological and chemical methods, adsorption using inexpensive clays proves to be a practical way for the treatment of dye wastewater because clay or clay based materials are much cheaper than other sorbents (e.g. activated carbon) and readily to be obtained (Preethi et al. 2006; Almeida et al. 2009 ).
Montmorillonite has been proved to be a promising sorbent for the removal of cationic dyes from wastewater, due to special structure, low cost and ready commercial doi: 10.2166/wst.2010.376 availability (Selvam et al. 2008; Almeida et al. 2009; Qiao et al. 2009 ). The advantages of montmorillonite as an adsorbent are the result of its high specific surface area, high cation exchange capacity (CEC), high chemical and mechanical stability, and a variety of surface and structural properties ( Juang et al. 2002) . There are exchangeable cations in the interlayer spaces of montmorillonite, which counterbalance the permanent negative charge on the montmorillonite surfaces caused by isomorphic substitution in the crystal lattice. Some cationic dye molecules can be intercalated into the interlayer spaces of montmorillonite through a cation exchange reaction.
The retention of dyes by montmorillonite has attracted specific attention over two decades (Arbeloa et al. 1995; Ogawa et al. 1996; Arbeloa et al. 1997; Armagan et al. 2003; Klika et al. 2007; Zhu et al. 2008a,b; Qiao et al. 2009 ). In our previous work, the feasibility and efficiency of using montmorillonite to simultaneously remove cationic dyes and hydrophobic organic carbons (HOCs) from water were studied (Wei et al. 2009 ). The replacement of inorganic interlayer cations by organic cationic dyes via ion-exchange converts the clay surfaces from hydrophilic to hydrophobic and lipophylic. This procedure is similar to the preparation of organoclays (Boyd et al. 1988) . The resultant clay-organic hybrids (also called as "organoclays") usually exhibit a high affinity to other organic pollutants, including neutral organic molecules (e.g. 2-naphthol). This is of high importance for the repeated use of organoclays.
In most real cases, there are a number of organic contaminants coexisting in dye wastewater. When the natural clay is added into the wastewater, will the added clay show selectivity to various organic contaminants or cosolubilization? This is of high importance to the application of clays as sorbents. Previous studies have shown that the solubilization and adsolubilization of surfactant modified clay minerals to hydrophobia organic contaminant (Boyd et al. 1988; Klumpp et al. 1993; Sheng et al. 1996; Sheng et al. 1998; Zhu et al. 2000; Zhu et al. 2003; Ma & Zhu 2007) . However, little attention has been paid to the influence of coexistence of different organic contaminants in the water and the different adding order of model contaminants on the sorption capacity of the used clays.
Hence, in this study, the simultaneous and sequential adsorption processes of crystal violet and 2-naphthol on montmorillonite were investigated, to elucidate the thermodynamic characteristics of the different adsorption processes. The X-ray diffraction technique was employed to examine the swelling of the structure and distribution of the adsorption locations on the montmorillonite surfaces. The insights obtained in this study are of high importance for well understanding the interaction mechanism between clays and contaminants and the application of organoclays in environmental remediation. Figure 1 shows the molecular structure of these two organic reagents.
MATERIALS AND METHODS

Materials
Adsorption thermodynamics
Simultaneous adsorption and sequential adsorption of CV and 2-naphthol to the montmorillonite were determined using the batch experiments at 15 and 358C. For simultaneous adsorption experiment, 0.05 g montmorillonite was added in 25 ml glass centrifuge tubes which contained 2.5, After centrifugation, the precipitations were collected for XRD analysis, the concentrations of 2-naphthol in the supernate were measured using an UV-Vis spectrophotometer at a wavelength of 224 nm, and the adsorbed amounts were then calculated according to the difference between the initial and the final equilibrium concentrations.
XRD characterization of the montmorillonites
The collected residue of CV and 2-naphthol adsorbed montmorillonites after centrifuged were daubed on a support, these clay films were air-dried overnight. XRD patterns of the specimens were obtained on a Bruker D8 Advance diffractometer equipped with a solid state detector and graphite monochromator, using Cu-Ka radiation, and a Ni filter (l ¼ 1.5406 nm). The diffraction measurements were conducted within the 2u range of 1.5-108 at a scanning speed of 18/min.
RESULTS AND DISCUSSION
Characterization of XRD 
Thermodynamic characteristics
Adsorption isotherms
The simultaneous and sequential adsorption isotherms of The adsorption of 2-naphthol on 1.00 CEC sample increased with the increase of temperature, indicating that the adsorption process was an endothermic process. The Freundlich isotherm is empirical and has been derived by assuming a heterogeneous surface with uniform distribution of the heat of adsorption over the surface. The linear expression of this isotherm can be written as:
where C e is the equilibrium concentration of the adsorbate in solution, q e is the amount of 2-naphthol adsorbed at equilibrium, and K f and n are Freundlich constants related to the adsorption capacity and adsorption intensity, respectively. The parameter 1/n is considered to be a measure of the heterogeneity of adsorption sites on the surface of the adsorbent.
It is obvious that the increase of the concentration of CV leads to the increase of the adsorption capacity (K f ) of 2-naphthol. By comparing the K f of different adsorption processes, it could be concluded that the simultaneous adsorption processes are better than sequential adsorption.
The Freundlich isotherm constants at different temperatures for the adsorption experiment were presented in 
Adsorption thermodynamics
The thermodynamic parameter of enthalpy change, DH, can be obtained by using the Clausius -Clapeyron equation.
At capacity Q A , the equation gives
where R is the gas constant (8.31 J/mol K), and C e (A, T 2 )
and C e (A, T 1 ) are the equilibrium concentrations corresponding to Q A at absolute temperatures T 2 and T 1 , respectively (Chiou et al. 1979; Chiou 2002) . Therefore, the enthalpy changes of 2-naphthol adsorbed simultaneously This means that the adsorption of 2-naphthol released more heat at low CV concentration. For the CV's concentration of 0.25 CEC, 0.50 CEC and 0.75 CEC, the DH sim decreased with the increase of 2-naphthol adsorbed amounts.
In contrast, for the 1.00 CEC concentration, the DH sim increased with the increase in the adsorbed amount.
Not all the DH seq values of sequential adsorption were negative, for the series of 1.00 CEC concentration samples, the positive DH seq values indicated that the adsorption has became an endothermic process ( Figure 6 ).
The increased interlayer space or basal spacing indicates that the 2-naphthol has been adsorbed into the clay interlayer, resulting in a clay-organic intercalate.
Owing to the aromatic effects between CV and 2-naphthol, the CV in the interlayer rather than the siloxane surface of montmorillonite may be the major adsorption sites. As such the water molecules should desorb from the circumambience of a CV molecule, and this desorption needs to gain energy from the system, or it is an endothermic process.
During the simultaneous adsorption of 2-naphthol and CV onto montmorillonite, the CV and 2-naphthol will bound together through the aromatic effect, and the complex will be adsorbed into the interlayer of montmorillonite through cation exchange reaction. This kind of adsorption was an exothermic process. For the sequential adsorption, however, the 2-naphthol must push away and replace the water molecule bonded to the CV before its adsorption onto the CV. When the endothermic energy aroused from desorption of water molecule was higher than the exothermic one released by the adsorption of 2-napthol onto the CV, such as that occurring in the 1.00 CEC sample, the entire process behaves as endothermic.
The Gibbs free energy changes, DG, calculated according to the Equation (3), were summarized in Table 2 .
The values of DG between 220.26 and 29.04 kJ mol corresponding to a spontaneous physical process of 2-naphthol adsorption and that the system does not gain energy from external source.
The DG of simultaneous adsorption would shift to a higher negative value when the temperature increased from 15 to 358C, this suggests that the adsorption is more spontaneous at high temperature. In contrast, the DG of sequential adsorption shifts to low negative value, suggesting that the adsorption is more spontaneous at lower temperature. This research has shown the effectiveness of using simultaneous and sequential adsorption using montmorillonite for the removal of dyes and organic contaminants from industrial waste water. The technology developed in this research offers a method for handling waste water streams.
CONCLUSIONS
